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Synopsis 
The work presented in the thesis entitled “Modelling Biomolecules: Studies on P-Type ATPases, 
DNA-Ligand Interactions and π-π Networks in Proteins” comprises of seven chapters. Chapter 1 
provides an introduction of ATPases especially P-Type II ATPase and their antiport mechanism in cation 
transport across the plasma membrane. It also gives a brief overview of other chapters included in the 
thesis. Chapter 2 provides a brief description on the various theoretical and computational techniques 
employed in the thesis. Considering that the thesis employs a range of techniques, such as molecular 
dynamics, homology modeling, structure and analogue based drug design tools, quantum mechanics, 
electrostatic potential, etc., the description is restricted and focused towards those methods that are 
employed in the thesis topics. Chapter 3 elucidates the characterization of various sites and particularly 
proton binding sites of H+K+-ATPase (gastric proton pump). The conformational changes were assessed 
by evaluating residue-by-residue root mean square deviation (RMSD) subsequent to pairwise structural 
alignment of the PDB structures of Ca2+-ATPase by preserving the order of occurrence during the cation 
transport cycle. In Chapter 4 we employed structure and analogue based drug design approaches for 
inhibitor design by taking the constructed model of H+K+-ATPase from chapter 3. Known series of 
compounds were taken to construct and validate various quantitative structure activity relationship 
(QSAR) and docking modules. These inhibitors were used as template to design new inhibitors for the 
better efficacy. Using Poison-Boltzmann electrostatics, a critical analysis on the role of acidic residues 
and their protonation states of cation transport in different physiological states of Ca2+-ATPase has been 
provided in Chapter 5. The importance of aromatic residues in ATPases made us to study the π-π 
network and their connectivity extending to all proteins of the protein databank (PDB) which is 
collectively studied in Chapter 6. The docking and molecular dynamics (MD) simulations were used to 
predict the binding affinity and orientation of the ligands in DNA. These studies are useful in designing 
new ligands for the minor groove of DNA, is being described in Chapter 7. 
 
Chapter 1: Introduction 
P-Type ATPases are integral transmembrane (TM) proteins, which constitute a ubiquitous 
superfamily and belong to ion transport enzymes. High homology among P-Type II ATPases (H+K+-, 
Na+K+- and Ca2+- ATPases) points to a very popular transport mechanism, which allows a uniform 
description of the transport phenomenon being observed. Their wide occurrence and functional role in the 
treatment of various diseases such as gastric ulcer, cardiovascular, metabolic, neurodegenerative, cancer 
etc. are of fundamental biophysical and biochemical importance. Based on the phylogenetic analysis, P-
Type ATPases are divided into five major subfamilies, each unique in their class of substrates and in 
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subfamily specific sequence motif. They resemble in diverse functional role such as regulation of action 
potentials in nervous tissues, secretion and re-absorption of solutes in the kidneys, acid secretion in the 
stomach, nutrient absorption in the intestine and relaxation of muscles etc. P-Type ATPases have three 
binding sites viz. cation, ATP and inhibitor binding sites. The proton binding sites of H+K+-ATPase were 
characterized. The QSAR studies on reversible inhibitors of H+K+-ATPase have been performed to 
evaluate pharmacophoric features and docking is used to get an idea about the active site environment of 
the protein. The studies on protonation states of all acidic residues of Ca2+-ATPase in different 
physiological states were done using Poison-Boltzmann equation. Aromatic interactions are prevalent in a 
variety of biological systems. Analyzing π-π networks and their connectivity in proteins unravel the 
packing behavior of proteins. The variations in the DNA-binding affinities with respect to linker length 
and substitution of sulfur, oxygen and methoxy in different class of molecules have been investigated by 
molecular modeling approaches employing docking and MD studies.  
 
Chapter 2: Methodology 
In silico techniques played a major role in delineating relationships between sequence-structure-
functions for biological molecules. Molecular mechanics (MM) calculation is the most commonly used 
method in computational medicinal chemistry, and a large number of different force fields have been 
developed over the years. The results of MM calculations are highly dependent on the functional forms of 
the potential energy functions of the force field and of the quality of their parameterization. Thus, in order 
to obtain reliable computational results it is crucial that the merits and limitations of the various available 
force fields are taken into account. In this chapter, the basic principles of force field calculations are 
reviewed, for the protein and nucleic acid. As quantum mechanical (QM) methods have undergone a 
rapid development in the last decade, we have also probed its application. The chapter also includes a 
review of force fields with respect to their abilities to calculate intermolecular interactions. Finally, as 
solvent effects play an important role in computational medicinal chemistry, a discussion of force field 
calculations including solvation is included in this chapter. The availability of high-resolution 
crystallographic structures, together with the development of detailed atomic models and MD simulations 
methodologies, provide a unique opportunity to refine our understanding of these systems. The brief 
explanations of the various parameters involved in MD calculations (viz. force fields, ensembles, 
constraints, minimization, time scale etc.) have been enumerated. 2D and 3D-QSAR methodologies are 
being adopted to generate QSAR equation for the optimization of the ligands. The algorithms, scoring 
functions underlying various docking methods (flexible, rigid, grid) along with the particulars of protein, 
DNA and ligand preparation have been enlisted.  
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Chapter 3: Detection and Validation of Binding Sites in H+K+-ATPase 
Several amino acids are involved in determining the shape and specificity of the ion binding 
site(s) near or inside the proposed ion channel of P-Type ATPases. Since, H+ cannot involve in 
interactions with several amino acid residues, the corresponding binding site cavity in the E1 
conformation of H+K+-ATPase is ambiguous. Based on a series of systematic computational studies and 
previous literature, it is proposed that transport of proton by the gastric proton pump would probably 
require the transported species to be H3O+ rather than H+. To identify the possible candidates for 
hydronium ion binding sites, we modeled the 3D structure of the pump based on crystal structures of 
SERCA1a and subsequently examine the valence maps. A combination of QM and MM methodologies 
were implemented to obtain an accurate description of the sites. We found that the observations were 
consistent with earlier site directed mutagenesis studies (Figure 1).  
Site 1: V340(1.872)H1, V343(1.813)H1, V343(1.677)H2, D826(1.777)H2, A341(1.707)H3, E822(1.676)H3 
Site 2: N794(1.867)H1, Q941(1.704)H2, N794(1.800)H3, E797(1.817)H3 
 
 
Figure 1: (A) Proposal for the disposition of aromatic residues along the gastric proton pump. The spheres are the 
Cα carbons of the residues. The TM helices TM5 and TM6 are represented by thick lines. (Magenta: His, Yellow: 
Phe, Cyan: Tyr, Green: Trp) (B) The putative hydronium ion binding sites of the gastric proton pump. 
 
Based on the five different crystal structures of SERCA1a, relative structural deviations in each 
domain of the proton pump during cation transport were assessed using the residue-by-residue RMSD 
approach. The cation binding sites were identified using the program VALE wherein an empirical 
expression is employed to rank and predict potential cation binding sites. Based on the sites obtained, the 
model was refined by adjusting the coordinates and performing several energy minimizations using CVFF 
force field so as to obtain maximum coordination. The position of the cation was further refined by 
performing PM3, a semi-empirical SCF procedure, calculations using SPARTAN program package.  
A B 
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Chapter 4: H+K+-ATPase Inhibitor Design: Structure and Analogue Based 
Drug Design Approaches 
This chapter describes the application of docking and QSAR (2D & 3D) methodologies, for 
gastric H+K+-ATPase inhibitors. The inhibitors of gastric H+K+-ATPase provide an effective approach for 
the treatment of peptic-ulcer disease. Substituted 3-acyl-4-(arylamino) quinolines, 2,4-
diaminoquinazolines, thienopyrimidines, 1H-pyrrolo[3,2-b]pyridines and imidazo[1,2-a]pyrazines 
selectively inhibit gastric H+K+-ATPase by reversible K+ competitive inhibition, are useful in the 
treatment of gastric ulcer disease.  2D, 3D-QSAR and docking studies were carried out on four series of 
compounds (G1, G2, G3 and G4) to model their H+K+-ATPases inhibitory activities (Scheme 1).  
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Scheme 1: Inhibitors of gastric proton pump used for the QSAR and docking strudies.  
2D-QSAR was performed with CODESSA using heuristic (HM) and best multi linear regression 
(BMLR) methods which explain the properties of most of the molecules in a given dataset with the aid of 
appropriate descriptors. The correlation coefficient (r2) and Fischer’s values (F) for the reversible 
inhibitors calculated are as follows; G1 (HM: r2=0.9090, F=48.29; BMLR: r2=0.9127, F=50.53), G2 (HM: 
r2=0.8326, F=43.94; BMLR: r2=0.8240, F=41.34), G3 (HM: r2=0.8508, F=25.08; BMLR: r2=0.8694, 
F=29.30), G4 (HM: r2=0.9728, F=71.4883; BMLR: r2=0.9833, F=117.9077). The 3D-QSAR study has 
provided statistically significant models for G1, G2, G1+G2 and G3 with r2 values of 0.948, 0.950, 0.941, 
0.92 and q2 of 0.513, 0.719, 0.460, 0.475 for CoMFA and r2 values of 0.979, 0.917, 0.94, 0.98 and q2 of 
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0.579, 0.543, 0.418, 0.517 for CoMSIA. The probable binding conformations of the ligands in the active 
site of E2 conformation of gastric proton pump were modeled using different docking approaches. The 
3D-QSAR contour maps were studied in the protein active site environment to design new analogues for 
the H+K+-ATPase (Figure 2). 
  
Figure 2: 3D-QSAR contour maps alignment onto the docked pose of the most active compound 18j of group 
(G1+G2). (A) The steric and electrostatic maps resulted from CoMFA model. The green contour represents steric 
favorability whereas yellow contour represents steric disfavorability. The blue contour is positive charge favorability 
and red contour is negative charge favorability; (B) The hydrophobic, H-bond acceptor and donor maps resulted 
from CoMSIA model. The orange represents favorable hydrophobic region whereas white is disfavorable. The cyan 
and magenta are for H-bond donors and acceptors favorable respectively.    
 
Chapter 5: Continuum Electrostatic Calculations on Distinct Physiological States of 
SERCA: A Prototypical P-Type ATPase 
The Ca2+-ATPase of sarcoplasmic reticulum (SERCA) is a very well characterized prototypical 
transmembrane protein with three mobile domains (N-nucleotide binding; P-phosphorylating; A-
actuator), and 10 transmembrane helices (TMH). The function of this pump is to facilitate the transport of 
Ca2+ across the membrane against an electrochemical gradient, a process of fundamental importance in 
biochemistry. SERCA translocates two Ca2+ from the cytoplasm to the lumen of sarcoplasmatic reticulum 
(SR) against a 1000-fold concentration difference, hydrolyzing one molecule of ATP in the exchange of 
two or three H+ which are transported into the cytoplasm.  
The finite difference Poisson-Boltzmann equation (PBE) is used to calculate the protonation 
probability of titratable residues for eight different physiological states of Ca2+-ATPase crystallographic 
structures (Figure 3) reported to date using Macroscopic Electrostatics with Atomic Detail (MEAD) 
program. The hydrophobic slab has been modeled using the z-axis coordinates of protein given in the 
OPM (Orientation of protein in the membrane) database. In all the conformations, a three step focusing 
grid was used to calculate electrostatic potentials for the protein which also minimizes the computational 
cost.  
A B 
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 The protonation of amino acids in different stages of Ca2+-ATPase are essential to retain the 
geometry of calcium binding sites and phosphorylation of E351 residue as well. Apart from these two 
important phenomenons in the antiport (Ca2+/H+) mechanism, the protonation of interface residue of 
interacting domains are also significant to facilitate these domains to keep intact during the proton 
transfer. Our electrostatic calculations on different physiological states are well corroborated with the 
earlier electrostatic studies on cation binding site residues (Figure 4). The PBE calculations on the ATP 
binding and phosphorylation sites are also well substantiated with the experimental results.  
 
Figure 3: Schematic view of the functional cycle of SERCA depicted by E1 and E2 states and respective crystal 
structures in the particular physiological states. 
 
   
        GLU-58         GLU-309         GLU-771 
  
 
         ASP-800         GLU-908  
Figure 4: E1 to E2 conformational changes lead to the large positive shift in the pKa of calcium binding sites E309, 
E771, D800, and E908 residues.  
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Chapter 6: Aromatic − Aromatic Interactions Database, A2ID: An Analysis of 
Aromatic π-Networks in Proteins 
The current chapter presents a systematic analysis on the occurrence of aromatic-aromatic motifs 
in proteins. Our analysis on the 47,078 available crystal structures of proteins reveals that the occurrence 
of π-π networks is ubiquitous across all classes of proteins. The dataset of proteins employed in the 
current analysis was ensured of non-redundancy by employing a cutoff criterion of ≤ 2Å for resolution 
and by excluding the proteins with similarity ≥ 90%. Inline with the earlier studies a cutoff distance 
ranging from 4.5 Å -7.0 Å between the centroids of the aromatic amino acids is used to signify π -π 
interactions (Figure 5). A stringent examination of 8848 proteins indicates that close to 89% (i.e. 7848) 
of the proteins have an occurrence of at least a dimer or a higher network motif. The occurrence of π-π 
networks in various protein superfamilies based on SCOP, CATH and EC classifiers has also been 
rigorously resorted to in the present chapter. Apart from investigating the occurrence of π-π networks in 
proteins the chapter also explores the connectivity pattern (Figure 5) in the aromatic motifs the analysis 
of which points out that and in most cases the motifs appear to have stronger propensity towards 
coagulating rather than stretching (Figure 6).  All the data procured is summarized in a database entitled 
“Aromatic − Aromatic Interactions Database”  (A2ID). A2ID provides the systematic analysis carried 
out in the π-π network motifs. It also provides a FORTRAN binary which will analyze a given protein for 
the occurrence of π-π networks. 
                  
Figure 5: (A) Representation of selection of π-π motifs using virtual sphere. The co-ordinate system used to define 
the centroid position of the observed molecule (C2) relative to the reference molecule (C1). The interplanar angle φ 
and normals to the planes of π-systems, Nref and Nn+1. RNM is the distance between the two π-systems and R is the 
cutoff distance. (B) Connectivity: number of π’s present within the cutoff distance of the first π residue and so on: 
C1C2C3C4C5C6: 411222  
A B 
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Figure 6: Maximum length of π-π Networks in the different cutoff radius and their connectivity. 
 
Chapter 7: Modelling Ligand Binding to DNA Through Docking and 
Molecular Dynamics Simulation 
The variations in the DNA-binding affinity with respect to linker length and substitution of atoms 
in different class of molecules viz. C2-fluoro substituted pyrrolo[2,1-c][1,4] benzodiazepines (PBD), 
benzothiazole/benzoxazole-pyrrolo[2,1-c][1,4]benzodiazepine hybrids have been investigated by 
molecular modeling approaches employing docking and MD studies. About eight different DNA 
sequences have been examined to investigate the most suitable DNA sequence for carrying out docking 
studies (Scheme 2). Molecular Mechanics – Poisson-Boltzman Surface Area (MM-PBSA) approach of 
AMBER molecular dynamics package has been used to investigate the free binding energies of the DNA-
ligand complex.  
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A=5`-CGCAGAAATTTCTGCG-3` 
B=5`-CGCAGAAAATTTCTGCG-3` 
C=5`-CGCAGAAAATTTTCTGCG-3` 
D=5`-CGCAGAAATTTGTGCG-3` 
E=5`-CGCAGAAAATTTGTGCG-3` 
F=5`-CGCAGAAAATTTTGTGCG-3` 
G=5`-AGCTTATAATGG-3’ 
H=5`-GGGGAGAGAGAGGGG-3` 
Scheme 2: Representative structure for PBD (benzodiazepines) ligands and different DNA sequences. 
